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We present a structural health monitoring system for nondestructive testing of composite materials
based on the fiber Bragg grating sensors and specialized software solution. The developed structural
monitoring system has potential applications for preliminary tests of novel composite materials as
well as real-time structural health monitoring of industrial objects. The software solution realizes
control for the system, data processing, and alert of an operator.
I. INTRODUCTION
The implementation of nondestructive structural
health monitoring (SHM) systems for industrial objects
is a challenging problem. In general, SHM is a method of
integrity analysis of an object via real-time measurements
of a class of parameters, which characterize the object’s
integrity. The main assignment of SHM systems is an
alert of the system operator in case of exceeding the mea-
sured parameters of a certain critical value, where this
value is determined from preliminary tests. Problems of
a design of SHM are of current interest for civil and in-
dustrial buildings, pipelines, airplanes, water transport,
and in many other scopes [1–3].
Composite materials have unique physical and chem-
ical properties [4]. These materials have corrosion re-
sistance, high heat resistance, wear resistance, rigidity
and low mass. The properties make them useful in a
wide spectrum of technological applications, e.g., in space
technologies, aviation engineering, shipbuilding, and etc.
The design of SHM systems for composite materials is
especially topical [1].
There are a two main approaches to design of a mea-
surement part of SHM systems. The first method of SHM
involves mounting sensors directly into the material. The
second one is monitoring of the construction by the in-
stallation of sensors to certain elements of the structure.
In the case of composite material structures, SHM sys-
tems are mostly based on embedding the sensors into the
material [1].
In this way, the main question is what type of sen-
sors is the most useful for SHM of composite materi-
als. Practically, fiber optic sensors form the most use-
ful class of sensors for SHM systems. There are several
types of fiber-based optic sensors. The most common
solutions are sensors based on measuring light intensity
using changes in fiber curvature or reflected light from a
mirrored surface, the Fabry–Perot sensors, and the fiber
Bragg grating (FBG) sensors. Using of terahertz vision
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FIG. 1. Structure of FBG sensor. Typical size of sensors is
5− 7 mm with typical grating period being 500 nm.
system for nondestructive testing of composite materials
is of current interest as well [5, 6].
Using of an embedded FBG sensors for measurement of
distributed stress and strain fields of the composite mate-
rial has significant advantages [1, 7, 8]. First of all, FBG
sensors can be easily embedded into materials to provide
damage detection or internal strain field mapping. The
FBG sensors supposed to be located in fiber optic cable
mounted in the sample. Furthermore, the key feature
of FBGs sensors is that the information about perturba-
tions is encoded in wavelength. Indeed, the main princi-
ple of FBG sensors work is transform of spectral or phase
characteristics of the test optical signal propagating in
the sample according to the perturbations of a measured
physical quantity. Due to their high noise resistance to
the effects of non-informative influencing factors [9, 10],
FBG sensors attract increased attention [1]. FBG is a
periodic structure of refractive index which is formed in
a fiber core (see, Fig. 1). SHM systems have a measure-
ment part, which typically consists from: FBG sensors, a
source of test optical signal, and a measuring device for
the signal reflected from FBG. Important problem is the
embedding the sensor into the material sample. Useful
solution of this problem is proposed in [9–12].
On the other hand, practical application and imple-
mentation of SHM systems require using of a software
solution for control, fast collection, reliable storage, and
effective processing of large data flow from the measure-
ment part in real time. Indeed, the data proceeding is
an another kind of problem, which can be solved effi-
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2FIG. 2. Left: Structural monitoring system scheme. Channel of the measurement system is a fiber optic cable. There are 16
channels embedded in the sample. Each channel includes up to 15 sequentially arranged Bragg sensors (S). Each sensor has a
central wavelength of the reflected signal. Right: Implementation of SHM system.
ciently only using software solution. The software part is
needed for the solution of the following classes of prob-
lems: processing of the measurements from FBG sensors,
visualization of the measurements results, and “user–
measurement part” interaction, and control for the sys-
tem.
In the present work, we present developed SHM system
for composite materials based on the fiber Bragg grating
sensors. We present the software solution for developed
SHM system. The system has two main scopes of appli-
cations. The first is preliminary tests system for novel
composite materials. The other one is application for
real-time SHM with an alert for an operator.
II. IMPLEMENTATION OF SHM SYSTEM
There are two physical reasons for the fluctuation of
the FBG sensor central wavelength ∆λ: the mechanical
stress ∆l and the temperature ∆T variations [8]. The
central wavelength of Bragg grating as function of the
strain and the temperature can be presented as follow
∆λ = 2
(
Λ
∂n
∂T
+ n
∂Λ
∂T
)
∆T+2
(
Λ
∂n
∂l
+ n
∂Λ
∂l
)
∆l, (1)
where n is the effective refractive index and Λ is the grat-
ing period.
The first term of the right-hand side of Eq. (1) de-
scribes the effect of temperature on the wavelength
∆λ = λ(aΛ + an)∆T, (2)
where aΛ is the thermal expansion coefficient and an is
the thermo-optic coefficient of the fiber.
In turn, second part of the right-hand side of Eq. (1)
describes the nature of the dependence of the central
wavelength λ from the applied strain, which can be rep-
resented in the form
∆λ = λ(1− pe)ε, pe = n
2
2
[p12 − ν(p11 + p12)] , (3)
where ε is the relative strain, pe is strain constant for
optical fiber, p11 and p12 are the Pockels coefficients in
the optical stress tensor, and ν is the Poisson coefficient.
Functioning of the measurement part of SHM system
with FBG sensors is based on the following principles
(Fig. 2). Each channel of the measurement system is a
fiber optic cable. There are 16 channels, embedded in the
composite material. All of these sensors are sequentially
arranged Bragg sensors. Sensor have a unique central
wavelength of the reflected signal in channel.
The aim of SHM systems is to measure the strain im-
pact, but for the reliability of the data it is necessary to
consider the effect of temperature. In other words, the
idea is to isolate temperature and strain effects. For this
reason, strain-invariant (called “temperature”) sensors in
FBG are used for measuring the temperature effect only.
The measurement part (measurement system block,
Fig. 1) is intended for interrogating the sensors by ap-
plying the test input of each channel of broadband opti-
cal signal (the bandwidth is ∆λtest ≈ 40 nm). The part
makes the measurement of wavelengths reflected from the
Bragg grating, i.e., it works as an optical spectrum an-
alyzer. Signal reflected from FBG sensors is the input
to an optical switch (switch, Fig. 1), which is recorded
after the measuring system. The switch produces a serial
connection channel to measurement system block, which
performs measurements of the central wavelengths of the
reflected radiation from each FBG sensor (see Fig 2).
These measurement system block and optical switch are
connected to PC via the standard USB-interface.
Start our consideration from the simplest case of a one-
channel measurement part. Suppose that there are n
sensors in the channel, where n−k is a quantity of Bragg
sensors and k is a quantity of temperature Bragg sensors.
Initial data for the structural monitoring system is the
set of the reflection wavelength
λ = (λ1, . . . , λn), (4)
where λi is the reflection wavelength of ith sensor. The
3FIG. 3. Software interface: adding of a new sensor in the measurement part of SHM system.
result of the measurement in the channel is following set
λr = (λr1, . . . , λ
r
n), (5)
where λri is the measured reflecting wavelength of ith
sensor.
First, initial reflection wavelength of strain-invariant
sensors compared with measured for identifying a tem-
perature effect δT . The set of wavelengths
λr 7→ λ¯r = (λ¯r1, . . . , λ¯rn) (6)
is formed from λr for excluding the temperature effect.
Second, ith component of the vector λ¯r compared with
ith component of the vector λ for temperature sensors.
Main aim of this procedure is to identify sensors with
non-zero difference
δi = λ¯
r − λi. (7)
Finally, from grating period Λ, number of sensor and the
sample length l it is possible to localize the position of
strain effects of the sample.
It is clear that for multi-channel system, e.g., for our
system, there is matrix λ = λij where i is the sensor
number and j is the channel number. Matrix elements,
obviously, λij are the reflection wavelengths of the ith
sensor in the nth channel. However, general procedure
of data processing is the same.
We describe the principles of operation established for
that purpose multi-threaded software applications. We
note that there is a energy depend memory part in the
measurement system block and its DLL library used for
getting data. The GUI software application is a system
of tabs with different settings and for displaying data.
Screen of the main control page of developed software
solution is presented on the Fig. 3. From software point
of view, every sensor is characterized via set of parame-
ters. As it has been mentioned before, every sensor mea-
sures both temperature and mechanical strain. In this
way, first parameter of the sensor is a type. In addition,
there are channel number, lower and upper limit among
them.
On practice, special sensors which are sensitive only to
changes in temperature are used. This allows to correct
measurement results obtained from other sensors. Af-
ter the addition of sensors in the channels formed by the
summary table, which allows the operator to control the
number and types of currently active sensors. The oper-
ator at any time is able to move the sensors for tracking
in real time.
Via DLL libraries optical switch and measurement sys-
tem implemented algorithms for channel management in
the optical switch and selection the optimum mode of
data collection, i.e., a combination of channels, the num-
ber of active sensors in the channel sample rate sensors.
Additionally, the software part solves the problem of
data visualization. Fig. 2 presents our laboratory exper-
imental setup in accordance with the general experimen-
tal setup (Fig. 2). Fig. 4 shows the results of processing
measurement signals from the measurement equipment
in the test laboratory strain of the composite material
in various load conditions: this is strain as function of
time. It should be noted that an important element in
developing the software module is a data storage as an
integral part of the system when used in practice, is the
storage and archiving.
4FIG. 4. The results of testing of composite materials: strain as function of time.
III. CONCLUSION
Structural monitoring systems are actively used to
solve problems of the analysis of the dynamics of aging
infrastructure in order to prevent their destruction. De-
veloped systems allows to realize non-destructive struc-
tural health monitoring of structures made of compos-
ite materials. Software allows to perform the following
kinds of problem: control the measurement part (acti-
vation of sensors, one of their number, channel selection
and polling frequency sensors). Visualization of measure-
ment results in real time is obtained via using a software
application. The use of software and hardware optoelec-
tronic measurement system integrated continuous non-
destructive testing is promising for a wide range of engi-
neering problems. The software part of the complex can
be easily modified to the case of using another type of
sensor or monitoring by the sensors to certain elements
of the structure.
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